Spectroscopic ellipsometry (SE) and neutron reflection (NR) data for the adsorption of a monoclonal antibody (mAb, pI 8.44) at the bare SiO 2 /water interface are here compared to simulations based on DLVO theory. COE-3 adsorption was characterized by an initial rapid increase in the surface adsorbed amount (Γ) followed by a plateau. Only the initial rate of increase in Γ was strongly correlated to the bulk concentration (0.002-0.2 mg/ml), with Γ at plateau being about 2.2 mg/m 2 (pH 5.5). Simulations captured COE-3 adsorption at equilibrium most accurately: the point at which the outgoing flux of molecules within the adsorbed plane matched the adsorption flux. Increasing buffer pH from 5.5 to 9 increased Γ at equilibrium to ~3 mg/m 2 (0.02 mg/ml COE-3), revealing a dominant role for lateral repulsion between adsorbed mAb molecules. In contrast, increasing the buffer ionic strength (pH 6) reduced Γ, which was captured by simulations accounting for electrostatic screening by ions, in addition to mAb/SiO 2 attractive forces and lateral repulsion. NR data at the same bulk concentrations corroborated the SE data, albeit with slightly higher Γ due to longer adsorption times for data acquisition, e.g. at pH 9, Γ was 3.6 mg/m 2 (0.02 mg/ml COE-3), equivalent to a relatively high volume fraction of 0.5. An adsorbed monolayer of thickness of 50-52 Å was consistently determined by NR, corresponding to the short axial lengths of the Fab and Fc, and implying minimal structural perturbation. Thus, simulations enabled a mechanistic interpretation of the experimental data of mAb adsorption at the SiO 2 /water interface.
Introduction
The development of monoclonal antibodies (mAbs) in the 1970's has given rise to a novel class of biotherapeutics. 1 Over the past 10 years, mAbs have become the dominant recombinant therapeutic proteins used in the clinic whilst many more are in the different stages of clinical trials. 2, 3 The basic molecular structure of a mAb is its 'Y-shape', comprised of 1 fragment crystallization (Fc) and 2 fragment antigen-binding arms (Fabs). The two constant domains (C H γ3 and C H γ2) of each heavy chain form the Fc, and the C H γ1 and variable domain (V H ) together with the light chain C L κ/λ and V L domains form each Fab.
Several crystalline structures of Fc, Fab and whole mAb from various origins (different species, recombinant or bioengineered) have been reported over the past few decades. [4] [5] [6] Sequence modifications based on recombinant and biochemical technologies can afford mAbs with new biological functions but also affect their secondary and tertiary structures, thereby imposing direct consequences on their physical stability. 7, 8 The surfaces of Fc and Fab segments are distributed with different amino acid groups that are polar, apolar and charged. As these groups are often distributed unevenly, mAb molecules are inherently amphiphilic, meaning that they can adsorb onto different interfaces and also become desorbed. Protein adsorption is a spontaneous process and depending on the exact nature of the interface, protein and solution conditions, adsorbed molecules can strongly interact with a particular substrate and between themselves within the adsorbed layers, resulting in structural deformation and unfolding of the protein. 9 Although the exact mechanisms remain unclear, it is widely accepted that adsorption and desorption processes cause structural changes to proteins in solution and thereby promote aggregation. 10 These molecular processes occur during mAb production, purification and storage in aqueous solution. Structurally deformed or partially unfolded mAb molecules can promote aggregation and sub-visible particulates, which must be characterized for injection products in accordance with the pharmacopoeias (e.g. USP <787> Subvisible Particulate Matter in Therapeutic Protein Injections). Thus, it is important to study surface and interfacial adsorption to understand the impact that sequence modifications may have.
Many mAbs such as COE-3 studied here are based on the immunoglobulin-1 (IgG1) isotype.
Like all other candidate mAb therapeutics, COE-3 harbors substantial sequence modifications in the variable and constant domains of the Fab (Tables S1 and S2). While the interfacial properties of various mAbs have been reported, relating adsorption behavior to a specific mAb sequence is lacking in the literature. This study therefore makes an important contribution to the literature by reporting experimental and molecular modelling data 4 together. We have studied the adsorption of COE-3 at the hydrophilic silicon oxide (SiO 2 )/water interface, which is particularly relevant since the SiO 2 surface is a good model of glass which is widely used to make vials and syringes for mAb products.
Protein adsorption at the solid/water interface has been studied by a number of groups using techniques such as ellipsometry, fluorescence and quartz crystal microbalance. [11] [12] [13] [14] [15] [16] These reports provide a useful consensus about the typical ranges observed for the amount of protein adsorbed and its physical state, under well-defined surface and solution conditions. Although these studies have demonstrated the relevance of adsorption and desorption processes to structural perturbation and solution aggregation, [10] [11] [12] [13] [14] [15] [16] little insight about mAbs within the adsorbed layers have been reported. Neutron reflection (NR) is a powerful tool able to reveal the thickness and composition of multiple adsorbed protein layers. [17] [18] [19] [20] [21] A key value of NR lies in its high depth resolution and therefore capability to determine the thickness and composition of the adsorbed layer(s) from which the structural conformation of the adsorbed molecules can be inferred. 18, 22, 23 NR data together with the measured globular structures (e.g from X-ray crystal diffraction) of proteins enables us to determine the probable conformational orientations of the adsorbed protein molecules at a given interface, therefore also implying the extent of structural deformation and unfolding. 18 However, each NR experiment generally requires a minimum of 30 min to acquire sufficient data for statistical analysis, making NR an impractical technique to follow a fast, dynamic adsorption process. In contrast, spectroscopic ellipsometry (SE) requires only seconds for each experiment and while it is highly sensitive to the adsorbed amount at a surface it cannot resolve the depth of adsorbed layer(s). Thus, coupling the excellent depth resolution that NR brings to dynamic adsorption monitored by SE, facilitates comparison of these combined data sets to computer 'simulations' (which could equally be described as 'iterated numerical calculations') of the equivalent protein adsorption event. This approach yields a mechanistic insight at the molecular level to a protein's surface and interfacial behaviour, that has to date not been fully realised. Building on our recent studies on the adsorption of COE-3 and its constituent Fab and Fc at the air/water interface, 22, 23 here we use NR and SE to characterize COE-3 adsorption at the bare SiO 2 /water interface, comparing the data to computer simulations and so enabling a mechanistic interpretation of the adsorption process.
Materials and experimental methods

Materials
MAb. COE-3, a human IgG1 of molecular weight (MW) 144,750, isoelectric point (pI) 8.44 and extinction coefficient 1.43 ml.mg -1 cm -1 (280 nm), was expressed in Chinese hamster ovary cells and purified using industry-standard methods. It was supplied as a stock solution of 46.4 mg/ml in 'His buffer' (25 mM histidine/histidine hydrochloride, 7 % w/v sucrose, pH 6.0), batch no. SP12-423, and stored at -80 °C until solution preparation. The thawed solution was diluted directly into histidine buffer at a given pH, maintaining an ionic strength of 25 mM; H 2 O buffers for a range of pH and COE-3 concentrations were used for SE measurements, with D 2 O buffers at the equivalent pH were prepared for NR measurements.
Despite the original stock solution being in H 2 O, the large dilutions made into D 2 O resulted in only very low percentages of H 2 O, the exact amounts being taken into account during neutron data analysis. Table S1A gives the sequences of the light and heavy chains of COE-3 from which scattering length (SL) and scattering length density (SLD, ρ) in D 2 O can be calculated. Note that the solution behavior of COE-3 has been studied by Roberts et al. 24 The pH dependent changes to the net charges on the Fab, Fc and whole mAb were modelled without taking into account any charge contribution from the glycosylated groups ( Figure   S1 ). Solvents and buffer. D 2 O (99% D), histidine and histidine hydrochloride were purchased from Sigma-Aldrich and used as supplied. H 2 O was processed using an Elgastat PURELAB water purification system. SL and SLD for D 2 O are also given in Table S1B .
Spectroscopic ellipsometry (SE).
Interfacial adsorption was determined using a Woollam spectroscopic ellipsometer (J.A. Woollam Co. Inc). 20, 25 The SE measurements were performed over a wavelength range between 200 and 600 nm. A special liquid cell with fused quartz windows was constructed to enable the SE measurements at the solid/liquid interface with the incident light beam at 70 o . It facilitated the confinement of a <111> silicon wafer cut (2cm×2cm) in the central bottom of the liquid cell and thus enabled the reflection of incoming and existing light from its surface. Following the optical alignment in air, the thickness of the native oxide layer was first determined. The surface oxide layer was usually 12±3 Å thick. Its precise value was obtained by fitting an optically transparent model with prefixed refractive index by assuming that the oxide layer contains no voids or defects and that its wavelength dispersion follows the Cauchy equation. The subsequent SE measurement in water would offer similar layer thickness within the error range, as this consistency indicated good window alignment. The cleaning of the liquid cell and regeneration of the 6 oxide surface were undertaken by using 5% dilution of neutral Decon solution as described for neutron blocking cleaning below.
The experimental data were analyzed using the software developed by J.A. Woollam Co. Inc. SE measured changes in the polarization state of light reflected from the surface of the sample from which information about layer thickness and refractive index could be revealed through the simultaneous analysis of two ellipsometric angles Ψ and Δ, where Ψ denotes the change in amplitude and Δ denotes the phase of polarisation of the light after reflection in two components, the plane of reflection (p-plane), and that perpendicular to it (s-plane). The sample ellipticity,  e , is defined as the ratio of the Fresnel coefficients of the p and s planes (R p and R s ) and is expressed as: 20 
where 0 n is the refractive index of the buffer, dn/dc stands for the change of refractive index against solution concentration and a value of 0.18 ml/g was used in this work.
Neutron reflection (NR).
Neutron reflectivity measurements were made on the SURF reflectometer at the ISIS Neutron Facility, STFC near Oxford, UK. Measurements were made using a single detector at fixed angles (θ) of 0.5, 0.8 and 1.8 o and for neutron wavelengths (λ) in the range 0.5 -6 Å to provide a momentum transfer (Q) range of 0.012 -0.5 Å -1 , where Q = 4πsin/. The absolute reflectivity (R) was calibrated with respect to the 100% reflectivity below the critical edge at the silicon/D 2 O interface, and the background determined from the reflectivity at the limit of high Q (>0.25 Å -1 ). The <111> silicon block used in NR measurements had approximate dimensions of 1.2 × 4.0 × 6.0 cm 3 . One of its large surfaces was polished by Crystran Ltd, Poole, UK. Before use, it was immersed in a Piranha solution (in a volume ratio of 6:1 for H 2 SO 4 (98%) to H 2 O 2 (35%)) around 90 o C for 1 min to enhance its surface hydrophilicity. After being taken out and cooled down, it was washed with plenty of distilled water before it was placed in a 5% (w/w) solution of Decon 90 (Decon Ltd, UK) 7 for 5 min, followed by subsequent rinsing with a large amount of ultra-high quality water (UHQ). As shown previously, 27 the cleaning process ensured the creation of a reproducible silicon oxide layer of thickness 12 ± 3 Å. The same Decon washing was also used to help remove adsorbed mAb molecules and regenerate the silicon oxide surface between adsorption measurements. It has been shown previously that the reproducible surface properties could be reconfirmed by identical adsorption of lysozyme at 1 mg/ml, pH 7. 28 The liquid trough used was processed from Perspex attached with flow system. It was clamped against the cleaned surface of the block. Solutions of buffer and mAb at different concentrations were introduced to the measuring surface from the flow system.
Adsorption model
The DLVO (Derjaguin, Landau, Verwey and Overbeek) theory states that the total Gibbs potential of interaction, when the interacting bodies are a distance z apart, is given by:
where the subscript i2j refers to a body i interacting with a body j through a liquid medium 2, and each term defines the contribution from one of the three forces involved: The Lifshiftzvan der Waals (LW), the donor-acceptor (DA) and the electrostatic (EL). 29 In the model we consider two different bodies interacting with the COE-3 in solution: the silica wafer and the adsorbed layer of COE-3. Following standard practice, we treat the silica wafer as a semiinfinite plane (a sheet infinite in two dimensions) located in the x-y plane at z = 0 and the COE-3 in solution as hard spheres of fixed radius, R. 30 The adsorbed COE-3 layer is modelled as a fractional semi-infinite plane (FSIP) which evolves towards a true semi-infinite plane as the wafer reaches saturation. Under this assumption, each COE-3 that adsorbs is effectively smeared evenly over the entire semi-infinte plane. In each time interval in the model, a number of COE-3 molecules adsorb onto the silica wafer. This is represented as becoming trapped in the minimum of the Gibbs potential (at z = a) after which the proteinprotein Gibbs potential is added to the minimum, treated as a FSIP interacting with a hard sphere. Therefore, as more proteins become adsorbed the shape and depth of the minimum changes dramatically, and the change is heavily dependent on whether the protein-protein interactions are repulsive or attractive. Furthermore, the interactions caused by the adsorbed COE-3 layer were added to the minimum symmetrically, beginning from half the width of the well. This means that when a COE-3 molecule adsorbs, the value of its Gibbs energy distribution at a value of z equal to half the width of the well is added to the minimum of the current distribution. Then for z greater than the minimum in the current distribution, the values of the COE-3 distribution at z equal to half the width of the well plus the distance from the minimum are added. These same values are added for z values less the minimum, i.e. from the minimum to the silica wafer. Physically this corresponds to the FSIP of absorbed proteins forming in the x-y plane within a layer of thickness equal to the width of the well, which the proteins are assumed to be able to occupy. The width of the minimum (the thickness of the adsorbed layer) was defined as the width of the well in the initial distribution, G 123 (z) at a height equal to the root mean square (r.m.s) energy above the minimum in the current distribution, G N (z) (See Equ. 4). In this way we assume that the interactions experienced by a protein in the FSIP with the remainder of the FSIP cancels, but that when a protein is displaced from the FSIP (and so is attempting to desorb) this force no longer cancels in the z-direction and the protein experiences the potential in full. Hence, by letting a subscript 1 denote the silica wafer and a subscript 3 denote COE-3, the Gibbs potential experienced by an adsorbing protein when proteins are adsorbed is given by:
2 + (z − a n-1 )) , if z ≥ a n-1 G 323 ( L n-1 2 − (z − a n-1 )) , if z ≤ a n-1
where N max is the number of proteins needed to saturate the silica wafer, and a n (L n ) is the position of the minimum of the distribution (width of the well) when n proteins have adsorbed. The specific forms of each term of Equ. 4 and exemplar Gibbs distributions ( Figure   S4 ) can be found in Section S2A, but it should be noted that the LW and DA interactions are strongly influenced by the surface tensions between the two interacting bodies and the liquid medium. The EL interactions are instead influenced by the surface potentials of the bodies.
All properties of the adsorption process are calculated from the Gibbs distribution. The flux of adsorbing proteins when the FSIP has N proteins of a possible N max is given by:
where D is the diffusion coefficient, C is the concentration of the proteins in the buffer, h is the maximum height of the protein above the wafer (taken as 1 cm) and T is the temperature 9 of the solution. The denominator of Equ. 5 can be interpreted as the resistance experienced by the proteins due to the Gibbs potential. 31 Alternatively, one can interpret the denominator as a factor adjusting the concentration of COE-3 due to the presence of the Gibbs distribution, G N (z). For simplicity, the diffusion coefficient was taken to be that of water, 2.4×10 -9 m 2 s -1
The desorption rate is dependent on two quantities. The first is the desorption attempt frequency, defined as the frequency at which an adsorbed protein collides with the wall of the minimum furthest from the silica surface. It is assumed that all adsorbed proteins have an energy equal to the r.m.s. energy above the minimum of the potential well, therefore the escape attempt frequency is:
where v rms is the r.m.s. velocity. The second quantity is the probability that a desorption attempt is successful. This is the probability of the protein having sufficient kinetic energy to overcome the barrier needed to escape from the potential well at temperature T, given that it has the r.m.s. kinetic energy above the minimum of the well, and is denoted as P N . This is the surface adsorbed amount is calculated via:
.
The model assumes that the buffer solution is static, such that the only motion that the COE-3 molecules exhibit is diffusive, which can be enhanced or reduced by the Gibbs distribution.
This therefore implies that our model is a diffusion transfer process.
Model parameters
When COE-3 was added from low concentration (25 mM) histidine buffer, the measured change in the total surface tension was almost zero (see Figure S3 ). Hence we conclude that the total surface tension must be similar to that of water, at 72.8 mN/m, and that the buffer can be modelled as water when at low COE-3 concentrations. Further restrictions on the individual components of the surface tension (that is, the Liftshitz-van der Waals,  lw 3 and donor,  d 3 and acceptor,  a 3 components) could be enforced by assuming that protein-protein interactions are repulsive, which avoids aggregation once in solution, and by requiring a minimum to form in the initial Gibbs distribution, permitting adsorption. From the remaining valid parameters (illustrated in Figure S5 ) the set in which the interactions gave sufficient strength in protein-protein repulsion to replicate the experimental data were  lw 3 = 24.35 mN/m,  d 3 = 31.05 mN/m and  a 3 = 18.90 mN/m. The set of valid parameters was large, but finite, and does have significant influence on the calculation of the results because they have control over the Gibbs distribution. Therefore, the set chosen should not be viewed as the definite values of surface tensions for COE-3, but the set which will enable these calculations to give us an understanding of how particular aspects of the experiments, such as pH or ionic strength, affect the adsorption process. A more detailed discussion of this choice can be found in Section S2B. The surface tension components of water are  lw 2 = 21.80 mN/m,  d 2 = 25.50 mN/m and  a 2 = 25.50 mN/m and those of silica are  lw 1 = 39.00 mN/m,  d 1 = 4.10 mN/m and  a 1 = 0.80 mN/m, which are well documented. 29 We assumed COE-3 to be a hard sphere protein, for which we took the radius of COE-3 to be the average of its Fab and Fc constituents, which results in a radius of 56 Å. For simplicity we assumed that the radius of COE-3 in solution was not affected by buffer pH and ionic strength, but that the effective area occupied by each molecule when adsorbed was. In doing this we account for conformational changes in the lateral COE-3 repulsion within the adsorbed layer. Table 1 states the effective radii which were calculated from the experimental data for the equilibrated values of the 0.2 mg/ml adsorption curves of Figure 4 (b) and Figure   6 (b). The high concentration curves were chosen as these gave a more accurate description of how equilibrated values depend on pH and ionic strength, because mAb concentration was high enough that influence from further increase was negligible.
Tables 1.
Effective radii used for COE-3 for varying buffer parameters: different buffer pH at ionic strength (I) 25 mM, and different buffer ionic strength at pH 6.
Results and discussion
Dynamic adsorption
Prior to monitoring COE-3 adsorption it was necessary to characterize the silicon substrate surface, which bears a native oxide layer whose thickness was determined by SE. If pores were absent, the refractive index would correspond to the 100% silicon oxide. For all the wafer cuts used, the native oxide layers were found to be 12-14 Å thick, without any sign of porous defects or requirement to incorporate a parameter for roughness during data fitting.
The smooth oxide layer was also confirmed by NR measurements in D 2 O. Subsequent SE measurements were made to investigate the time-dependent adsorption of COE-3 at pH 5.5 and ionic strength 25 mM, 20-21 o C. An exemplar set of SE measurements is shown in Figure 1 , where the amplitude component Ψ is shown in Figure 1 (a) and the phase difference Δ is shown in Figure 1 (b). Because each pair of Ψ and Δ could be measured in 10-15 s, SE is ideal for following the dynamic adsorption process. As evident from Figure   1 , whilst changes from Ψ were not so obvious, clear differences were observed in Δ. These SE measurements were undertaken with COE-3 at 0.02 mg/ml in bulk solution, with similar measurements made at other concentrations under the same solution conditions. An exemplar set of concentration effects is shown in Figure S2 , measured after 5 min of adsorption. Again, changes in Ψ are small but differences in Δ are obvious, similar to the situation as described in Figure 1 .
The amount of protein adsorption was obtained from data fitting following the procedure as 
where A is typically 1.45 and B is taken to be 0.003 µm 2 . The time-dependent adsorption as obtained from the above described data analysis process is shown in Figure 2 (a) where it can be seen that the rate of adsorption increases with the mAb concentration; at 2×10 -3 mg/ml (2 ppm), very little adsorption is detected over the first 60 min, while at 5×10 -3 mg/ml, adsorption increased steadily in a linear fashion over the first 40 min with a plateau at around 2 mgm -2 . The initial rate of adsorption further increased with increasing concentration to 1×10 -2 and 2×10 -2 mg/ml, reaching a plateau (saturation) after the first 20 and 10 min, respectively. At and above 5×10 -2 mg/ml, the adsorption profiles overlapped, with saturation being reached within the first minute. At the concentration of 0.02 mg/ml (20 ppm), the adsorbed amount of COE-3 at the bare silicon oxide/water interface was calculated to be 2.2 mg/m 2 (Figure 2b ). From Equ. 12 and with the molecular weight (MW) of 144,750 from Table S1B, this is equivalent to an area per molecule of 11,000 Å 2 . COE-3 is comprised of 1 Fc and 2 Fabs, and the dimensions of the Fc and Fab from the crystalline structure are 65×70×40 and 85×45×45 Å 3 , respectively. 4, 5 On the assumption that the globular fold is maintained and COE-3 adsorbed 'sideways-on' with the shortest axes projected perpendicular to the interface and without any domains stacking, then the Fc would occupy a limiting area of about 4600 Å 2 and each Fab about 4000 Å 2 , reaching 13 a value of 12600 Å 2 . As this theoretical adsorbed area is very close to the limiting values estimated, the mAb fragments within the adsorbed layer must be very closely packed.
In a separate study, we have examined the adsorption of COE-3 on surface of water using neutron reflection. 22, 23 It was found that the adsorbed mAb occupied an area per molecule of 12000 Å 2 at the mAb concentration of 0.1 mg/ml under same solution pH and ionic strength.
In addition, mAb molecules formed a uniform layer thickness of some 50 Å. At these relatively high concentrations, the similarity in adsorption between these two interfaces implies that the limiting area was dictated by the horizontal mAb-mAb packing and that the saturated adsorption was little affected by the different substrates (air versus SiO 2 ).
In contrast, below 5×10 -2 mg/ml, the two substrates affected mAb adsorption very differently.
Whilst little adsorption was detected at 2×10 -3 mg/ml at the SiO 2 /water interface, the equilibrated adsorbed amount was about 0.9 mgm -2 on the surface of water. Furthermore, at 5×10 -3 mg/ml the saturated adsorption tended to 2 mgm -2 at the SiO 2 /water interface but 1-1.2 mgm -2 at the air/water interface. Between 5×10 -3 and 5×10 -2 mg/ml, COE-3 adsorption at the air/water interface slowly increased to saturation, whilst adsorption at the SiO 2 /water interface had already reached saturation (albeit after 60 min). This implies two different concentration dependent adsorption processes, most likely reflecting their different physical natures: adsorption below 5×10 -3 mg/ml at the air/water interface is driven by the amphiphilicity of the mAb, whilst adsorption at the SiO 2 /water interface is driven by the opposite charges between the SiO 2 surface and the mAb at weakly acidic pH. As it can be seen from Figure 2 (c), the difference between the reflectivity profiles measured over the dynamic adsorption period is very small. For a uniformly adsorbed layer under water, the volume fraction of mAb ( p ) and its surface excess ( p , in mg/m 2 ) within the layer can be calculated on the basis of the following equations: 21
where  is the best fitted layer SLD,  W and  p are the SLD for water and mAb, respectively,  (in Å) is the layer thickness and  ′ is the density of the mAb and is equivalent to , 14 where MW is in g/mol and V, its molecular volume, is in g/cm 3 . The area per molecule (A, in Å 2 ) can be obtained using:
where the constant of 6.023 is related to the conversion of the Avogadro's number and the unit difference between Angstrom (Å) and meter (m). Equ. 4 specifies that the antibody layer is filled by the solvent, with the total of the antibody volume fraction ( p ) and solvent volume fraction ( w ) being equal to unity. To ensure the SLD contributions consistent to the interfacial composition the following equations must be conserved: [18] [19] [20] [21] 
The best uniform layer fits as shown in Figure 2 Fig. 2(a) . The continuous lines denote the best uniform layer fits with thicknesses of 50±2 Å and adsorbed amount plotted in (a). For clarity, the reflectivity profiles measured at 0.05 and 0.2 mg/ml were divided by 10 and 100. Table 2 : Structural parameters obtained from best uniform layer fits to the NR profiles shown in Figure 3 (b), relating to Equ. 10-13.
Conc
Effect of mAb concentration
From Figure 2 (a) it is clear that after 60 min the adsorbed amount of COE-3 reached a plateau for concentrations > 5×10 -3 mg/ml. The adsorbed amount at 60 min or above can therefore be considered the equilibrated value at a given concentration; this value being 2 mg/m 2 for all concentrations ≥ 5×10 -3 mg/ml.
In the simulations, an effective concentration that was an order of magnitude smaller than the respectively ( Table 2 ). As evident from Figure 3 (a), these NR values are slightly higher than their respective values measured by SE, which probably arise from the different adsorption times: NR data were collected 3-4 hr after COE-3 was introduced to the substrate surface, with SE data collected 1 hr after.
Effect of solution pH
COE-3 adsorption profiles at pH values from 5 to 9, measured by SE, showed an initial fast adsorption phase followed by plateau (Figure 4 (a) and 4(b)). A clear change in the absorbed amount as a function of pH was observed for both concentrations tested, this being around 2, 2.5 and 3 mg/ml for pH < 7, 7 and > 7, respectively. The ten-fold increase in concentration caused a greater rate of adsorption, as observed above (Figure 2(a) ), with only a small increase in the absorbed amount at plateau. Saturation of adsorbed COE-3 had therefore been reached even at 0.02 mg/ml (after ~50 min), with the small increase seen at 0.2 mg/ml most likely representing a slow relaxation process during which the adsorbed COE-3 molecules became rearranged (but not necessarily structurally deformed) with the layer.
The continuous lines shown in Figure 4 denote the best fitted curves using the same model as Over the pH range studied, the bare SiO 2 surface bears weak negative charges and its charge density rises with pH above pH 7-8. In contrast, COE-3 carries net positive charge at pH ≤ 8 (pI 8.44). 24 As the polypeptide sequences for both light and heavy chains are known (Table   S1A ), the pH dependent charges for Fab, Fc and the whole COE-3 can be calculated ( Figure   S1 ), and shown to be quite different. For the whole COE-3, the decrease in net charge with increasing pH corresponds to a steady rise in the amount adsorbed. This is most obvious at pH 9 where the highest surface adsorbed amount is reached: 3.6 mg/m 2 which is equivalent to an area per molecule of 6700 Å 2 (Figure 5b ). As the bare SiO 2 surface and COE-3 molecules are of opposite charges, electrostatic attraction is the main driving force for initiating interfacial adsorption. However, as more mAb molecules are adsorbed, lateral repulsion within the adsorbed layer occurs, constraining the maximal amount of COE-3 molecules that can be adsorbed. Given the relationship between COE-3 net charge and pH, lateral repulsion emerges as the key mechanism by which COE-3 adsorption at equilibrium is limited. This is consistent with previous observations for other proteins. [18] [19] [20] [21] [22] [23] These results were also obtained in the simulations showing that the dominant influence to equilibrated values is the effective area of adsorbed COE-3, with adjustments caused by the pH induced changes to electrostatic interactions involving adsorbing COE-3 molecules as indicated by changes in equilibrated values in Figures 4(a) and 4(b). 
Effect of solution ionic strength
Structural conformation of the adsorbed mAb molecules
As described in Table 2 As discussed above, from the SE data (Figures 2(b) ), 2.2 mg/m 2 COE-3 was absorbed at equilibrium at the higher bulk concentrations studied, which is equivalent to an area per molecule (A p ) of 11000 Å 2 . For a cross-sectional area of ~4600 Å 2 for Fc and ~4000 Å 2 for each Fab, the limiting area per mAb under this type of conformational orientation as depicted in Figure 7 is consistent with the experimental value suggesting that the adsorbed layer was rather densely packed. It should however be noted that as the cross-sectional area was only estimated from the two dimensional lengths based on the crystalline structures of Fc and Fab there must be additional unoccupied space between the segments within the adsorbed layer.
The parallel NR measurements at 0.02 mg/ml COE-3 led to a higher  of 2.4 mg/m 2 , equivalent to A p = 10000 Å 2 ( Table 2 and Figure 3a) ), as a result of the longer time for adsorption, showing that more mAb molecules could still be packed into the monolayer under the experimental conditions. It is interesting that this monolayer model is retained under either higher COE-3 concentrations or solution pH, albeit with further increased packing density, e.g. the volume fractions ( p ) within the adsorbed layer is ~0.3 at pH 5.5 but ~0.4-0.5 at pH 9 for bulk concentrations of 0.02-0.2 mg/ml ( Figure 5(b) ). As  p reaches 0.5, mAb/mAb lateral interactions may incur structural deformation, although the absence of any significant change in layer thickness suggests this is minimal under the conditions studied.
Nevertheless, further experiments testing the limit of lateral packing in the monolayer could be warranted in order to reveal whether or not short range attractions between neighboring mAb molecules also limit their desorption. Since adsorption-induced denaturation is commonly anticipated to occur during industrial process steps, these data highlight that such an event must require either higher bulk concentrations, longer adsorption times or agitation, 22 that is, the early adsorption of a mAb molecule at the solid/water interface is not necessarily associated with gross structural deformation.
Comparison with adsorption at the air/water interface
Adsorption of COE-3 on the surface of water has also been undertaken recently under similar solution conditions using a combined study of NR and surface tension. 22, 23 The most noticeable feature was that COE-3 surface adsorption caused only a small decrease in surface tension at bulk concentrations up to 1 mg/ml. This effect could be linked to a high globular stability which is also revealed in the data acquired here and reflected in Figure 7 : the layer thicknesses remaining consistent with the short axial lengths of the Fc and Fab, up to volume fractions ( p ) of 0.5. Although no direct comparison between SE and surface tension measurements can be made, the central time-dependent pattern appears, that is, a fast initial rise in COE-3 adsorption at the interface followed by a slow relaxation process (representing rearrangement of packing between molecules) with the adsorbed amount tending towards plateau at equilibrium. The slow relaxation process is particularly noticeable at the air/water interface and conversely COE-3 tended to adsorb faster and reached a higher adsorbed amount at the solid/water interface. The latter can be accounted for by favorable electrostatic attraction between mAb molecules and the oppositely charged SiO 2 surface, as modelled in the simulations. The most noticeable difference in COE-3 adsorption behavior at the air/water and solid/water interfaces was its dependency on the buffer pH; the former changing little while the latter showed a steady rise on moving from mildly acidic to alkaline buffer. This difference can be related to the dominant role played by electrostatic forces between the mAb surface charge and SiO 2 substrate. In the context of industrial formulation and fill-finish, changing buffer pH may offer a route to modulating surface adsorption, at least at very low bulk concentrations of mAb and assuming such a requirement was identified as necessary during developability assessment.
Comparison with the adsorption of other mAb molecules
Using the same techniques and almost the same solution conditions we have previously studied the SiO 2 /water interfacial adsorption of two other IgG1 mAbs. 20, 21 Whilst the exact sequences of these other two mAbs are publically unavailable, Table S2 compares the sequences between COE-3 and a human derived mAb, showing little dissimilarity over the Fc but around 50% dissimilarity over the Fab. Zhao et al. 20 showed that the surface adsorption of monoclonal anti-human prostate specific antigen (anti-hPSA) at pH 7 increased steadily with bulk concentration from 0.002 to 0.02 mg/ml;  approaching saturation at 3 mg/m 2 compared to 2.5 mg/m 2 obtained for COE-3 at 0.02 mg/ml here. However,  for anti-hPSA increases to 3.6 mg/m 2 as the bulk concentration reaches 0.05 mg/ml, while  for COE-3 reaches a plateau at bulk concentrations above 0.01 mg/ml, which indicates a greater structural stability for COE-3 molecules within the adsorbed monolayer. The adsorption profile of COE-3 at the SiO 2 /water interface is more consistent with that of a mAb to the -binding unit of human chorionic gonadotrophin (anti--hCG), which also plateaued at 0.01 mg/ml for  approaching 3 mg/m. 2, 21 These three studies together show that in spite of some differences in (Figure 2(a) ).
The adsorption of mAb molecules onto a support substrate could in principle form different conformational orientations, namely, head-on, tail-on, side-on and flat-on. In reality, it is widely thought that they may adopt a combination of these configurations under a given set of surface and solution conditions. By these designations, the NR measurements at the 
Limitations of the simulation approach 24
The simulation based on the DLVO theory relies on the input of the measured data to tune parameters such as the effective radii. This is in contrast to the phenomenological models such as random sequential adsorption (RSA) which calculate the jamming limits of geometries randomly placed onto a planar surface, with the restriction that no overlapping can occur. The jamming limit in each case identifies the maximum fractional coverage that the adsorbing geometry can achieve, which for identical hard disks is 0.547. 33 An understanding of why this value is so small can be obtained by the realizationthat, even if the hard discs were placed in a sequence of our choice, we still could not cover the entire surface.
This jamming limit is taken into consideration by the effective radii.
Many models are constructed by assuming that adsorption onto the surface is retarded by the interaction with the surface. Often, this manifests itself in the model by means of a retardation factor, which damps the adsorption rate by a constant amount. 34 In these types of model the retardation factor and an effective protein radius are adjusted until each dataset can be best fitted. The DLVO approach provides a further level of insight by allowing us to identify how each component of the Gibbs potential contributes to an adsorption process.
However, this additional insight beyond the retardation factor requires far more than two input values, many of which have to be estimated.
The assumption of hard sphere proteins is one that is only justified for simplicity. Computer simulations into model globular proteins often composed of many connected hard spheres, aid in the discussion on the effect of conformational changes on adsorption processes. 35 However, these simulations are extremely difficult to apply to specific protein forms, yet this approach has been carried out using Monte Carlo simulations with some success. 36 A further related assumption made in this work is that COE-3 has the same charge distribution across its surface, which neglects the fact that Fc and Fab have different charges, size and shape.
Thus, these issues must be taken into consideration if the adsorption process must be simulated with accuracy. Given these assumptions and the estimate of the surface tension components of COE-3 made, our model have aimed to aid the experimental data interpretation and understand how protein adsorption is affected by changes to solution properties.
Conclusion
NR measurements revealed that adsorption of COE-3 at the SiO 2 /water interface led to the formation of a monolayer with mAb molecules adsorbed flat-on. The depth sensitivity from NR together with the fast dynamic SE measurements revealed that free surface space was initially rapidly occupied by mAb molecules and subsequent adsorption towards equilibrium was not accompanied so much by structural perturbation as by tighter packing rearrangement, especially if accompanied by increasing pH or simply time. Simulations conducted as described and using full amino acid sequence information enabled the rationalization of the equilibrium adsorption data, most notably the short and long range forces dominating buffer and pH effects as a function of bulk concentration. Modelling the initial adsorption phase remains challenging since the sparsity of mAb molecules at the surface does not accurately constitute a FSIP as assumed, thereby overestimating the lateral repulsion. In comparison with previously published data for other mAbs adsorbed at the SiO 2 /water interface, the characteristic profile with respect to time, pH and concentration are largely in agreement, with  at equilibrium appearing to vary within a defined range according to the individual mAb conformational stability and pI.
Supporting Information
The Supporting Information including sequences for the light and heavy chains of the mAb studied here and comparisons against the one with crystalline structures of its fragments, the charge variations of Fab, Fc and the whole COE-3 against pH and the key considerations adopted in the setup of the simulation model under the DLVO framework is available free of charge on the ACS Publications webpage. 1HZH Fc 
Support Information
Interfacial Adsorption of Monoclonal Antibody COE-3 at the Solid/Water Interface
181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208 209 210 Table S2B . Amino acid sequence comparing between COE-3 Fab and Fab of 1HZH.
The 1HZH Fab sequence was from Sapphire et al S1 at the end of Support Information.   1  2  3  4  5  6  7  8  9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 1HZH Fab 
Similarity
74.49%
No. of amino acid residues Heavy Chain Figure S3 . The change in surface tension when 500 ppm COE-3 was added to histidine buffer 25mM at pH 6.
The surface tension shows little change from 72.8 mN/m, suggesting COE-3 has a surface tension similar to water, especially over the duration of an adsorption experiment. which is the pH that the adsorbed protein layer resides within. S3 The surface potential of the protein, 3 is often taken to be equal to its zeta potential, ζ. This is a measurement of the potential due to the charge of the protein as well as any buffer ions within the slipping plane, 39 located at approximately 4 Å. S2 The assumption that the surface potential can be taken as the zeta potential is accurate when the protein radius and Debye screening length are large compared to the distance to the slipping plane. S2 (S12),
where ̃= e k B T is the dimensionless zeta potential and B = e 2 4 0 r k B T is the Bjerrum length. S7 As indicated in the main text Equ. S12 is for a monovalent buffer but was used for simplicity. S7 Figure S4 shows example plots of silica -protein (a), and protein -protein (b) interactions.
Note that in our model we assume that the proteins cannot become bound in the infinite well, as the barrier preventing this is so large. Further justification of this assumption is that the infinite well is inaccessible if the Born repulsion limit is accounted for. This is a limit on the closest approach of any two bodies, enforced by the Lennard-Jones interaction, and has the value 0.136 nm. S2 Figure S4 . Gibbs distribution plots. (a) Example plot of Gibbs interaction between a protein in solution and the semi-infinite silica plane. Proteins cannot absorb into the infinite well at zero distance from the plane, but can adsorb into the finite minimum. (b) Example plot of Gibbs interaction between the protein FSIP and a protein in solution. Here the proteins are repulsive, with no minimum forming.
Section S2B: Protein-protein interaction map
The interactions between proteins can either be repulsive, attractive or long-range attraction with short-range repulsion (type-2 attraction). This depends on the surface tensions of the protein in the solution. The LW component of the Gibbs energy change is always negative (or zero) for COE-3-water-COE-3 interactions, but the DA contribution can be either negative or positive. S2 When the DA component is positive this produces overall attraction, with a negative energy change on the protein association. The sign of the DA force is decided by the sign of the factor G x|| i2j and therefore entirely by the surface tensions. So, the condition separating attraction from repulsion (and type-2 attraction), is 323 || = −2 23 = −4 (√γ 2 d − √γ 3 d ) ( √ γ 2 a − √ γ 3 a ) { > 0, for repulsion < 0, for attraction (S13), which stems from the need for a positive contribution to the Gibbs energy to counteract the LW component and so creates an energy barrier, and hence a repulsion. Of course, for this to be true, the magnitude of DA component must be larger than the LW at some separation.
From Equ. S1 and S2 we can see that even for |G lw|| 323 | = |G da|| 323 |, then at the equilibrium separation the DA component is about 10 times the magnitude. It is therefore safe to assume that the DA component prevails over the LW at some separation. If G da|| 323 > 0, interactions only have the potential to be completely repulsive if an additional condition is met, this being |G lw|| 323 | < |G da|| 323 |. If this is not satisfied then at large distances the proteins will exhibit type-2 attraction, only repelling when close. This condition can be seen by examining the condition for large distance repulsion, i.e. that the gradient of the combined LW and DA protein-protein Gibbs energies are negative at large distances. From Equ. S1 and S2, if we make the approximation that exp[ l 0 χ ]≈1, we find that for G da|| 323 > 0 d(G 323 da +G 323 lw ) dz ≈ l 0 2 z 2 |G 323 || | − exp[− z χ ]|G 323 || | (S14).
As z becomes large, the only possibility for this gradient to become negative occurs if the prior stated condition is satisfied. Therefore, the second condition for (complete) repulsion is 
